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ABSTRACT

This report describes an experimental investigation into a novel form of com-
posite bonded repair called the Active Smart Patch (ASP). The ASP represents
an important conceptual advancement over conventional repair technology by
incorporating into a patch a network of embedded piezoelectric elements that
provides a diagnostic facility for structural health. This type of repair is be-
ing developed as a means of mitigating the strict certification requirements
currently placed on bonded repairs to primary aircraft structure, and as a po-
tentially cost-efficient means of providing structural integrity assurance where
lack of access precludes conventional nondestructive inspection. Initial devel-
opment of the concept targets the problem of cracking at Forward Auxillary
Spar Station (FASS) 281.28 in the F-111 Lower Wing Skin. As a first approxi-
mation to this problem, a prototype ASP was developed and then applied to a
metal coupon which was notched to simulate cracking. The study shows that
a network of piezoelectric transducers embedded in the bond-line of the patch
provides a robust basis for the detection of notch growth.
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A Feasibility Study into the Active Smart Patch Concept
for Composite Bonded Repairs

EXECUTIVE SUMMARY

Composite bonded repair technology offers an effective and cost efficient means of re-
mediation for damaged metallic aircraft components, with successful repairs applied to
a variety of aircraft including Mirage III, C-141 and F-111. One of the most ambitious
applications of the technology was to the repair of cracking at Forward Auxillary Spar
Station (FASS) 281.28 in the lower wing skin of the RAAF F-111C aircraft. Involving
primary structure and a critical flaw, the use of a composite bonded repair (CBR) in this
case was ambitious. It was flight certified only after a stringent analytical and experi-
mental substantiation testing program had demonstrated the airworthiness of the repair.
In addition, a rigorous nondestructive inspection regime was mandated for the repaired
structure to provide ongoing structural integrity assurance. The repair did prove success-
ful, however the onerous basis for structural certification was seen as a serious impediment
to the broader acceptance of CBR’s for application to primary aircraft structure.

An integrated diagnostic facility could mitigate these certification requirements by
providing ongoing assurance of the structural integrity and performance of the repair.
This has led to the development at the DSTO of a repair termed the “Active Smart
Patch” (ASP). A diagnostic capability is derived from a network of piezoelectric elements
embedded in the bondline. These provide a means of transmitting and receiving acoustic
waves which, in principle, can be used to interrogate both the composite patch and the
repaired structure. Although the concept is broad in its potential scope of application,
the initial development of the ASP targets the specific problem of cracking at Forward
Auxillary Spar Station (FASS) 281.28 in the F-111 Lower Wing Skin. A prototype patch
was developed and applied to an aluminium coupon in which a circular notch was grown
to simulate cracking in the wing skin. Tests showed that notch growth in the coupon could
be robustly detected on the basis of measurements obtained from piezoelectric elements
embedded in the bondline of the repair.

The demonstration underscores the potential of an integrated network of piezoelectric
elements to provide a diagnostic capability for structural components reinforced by a
CBR. By promoting wider uptake of a cost efficient means of aircraft structural repair,
and furnishing a basis for condition-based structural management, the work represents an
important outcome for defence.
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1 Introduction

Composite bonded repair (CBR) technology offers an effective and cost efficient means
of restoring damaged aircraft components. An example is the boron epoxy patch developed
to repair cracking in the lower wing skin (LWS) of the F-111C aircraft [1]. A stiffener de-
pression at Forward Auxillary Spar Station (FASS) 281.28 conceived in design to facilitate
fuel flow through the wing was, in practice, found to promote early crack growth rendering
the wing unserviceable. The application of a composite bonded repair in this situation was
considered ambitious since it involved critical damage to primary structure. The repair
was flight certified only after a comprehensive analytical and experimental substantiation
testing program [2] had demonstrated its airworthiness. In addition, a rigorous nonde-
structive inspection regime was mandated for the repaired structure to provide ongoing
assurance of structural integrity. The repair did prove successful, however the onerous ba-
sis for structural certification was seen as a serious impediment to the broader acceptance
of CBR technology for application to primary aircraft structure.

The concept of an intelligent or smart structure offers a promising basis for mitigat-
ing structural certification requirements for composite bonded repairs. In particular, a
network of low-profile piezoelectric transducers embedded in the bond-line of the patch
could provide a basis for certifying the durability of the repair. This approach offers a
useful advancement in structural health monitoring capability over that of the “Smart
Patch” device described in [3] and successfully flight trialled in 2006 on an F/A-18 Aileron
Hinge. The Smart Patch employed conventional electrical resistance foil gauges and PVDF
(polyvinylidene) piezoelectric film to sense the local strain relaxation that occurs in re-
sponse to failure of the bondline. However, the success of the approach is contingent on
the accurate placement of strain sensors, which assumes an a priori knowledge of where
patch failure will occur. This limits its scope of application. By comparison, piezoelectric
elements provide for much broader diagnostic coverage. Elastic waves produced by these
elements can propagate over relatively large distances in structural wave guides like wing
skins and thus permit genuine remote inspection. As an extension of the original Smart
Patch [3] concept, this new repair is termed the “Active Smart Patch” (ASP).

The development of an ASP for an aircraft application like the F-111C wing skin repair
is a multidisciplinary undertaking, relying on an integration of materials, microelectronics,
signal processing and sensor packaging technologies. Efforts are currently underway in each
of these areas, however in an attempt to clarify the key engineering issues and to test the
feasibility of the concept in general, it was thought useful to conduct an initial proof-of-
concept study based on a simple laboratory demonstrator. This report outlines work on
the development of a prototype repair and an experimental evaluation of the diagnostic
value of low-profile piezoelectric elements embedded in the bond line.

It can be argued that the primary diagnostic focus of a structural health monitoring
(SHM) system embedded in a patch should be on the bondline, since it is the inability to
provide assurance of bondline strength that is the primary source of certification concerns.
In the F-111 LWS however, another key objective of SHM is to provide a basis for continu-
ous monitoring of cracking in the damaged wing structure. The two goals are not entirely
separate since a reduction in patching efficiency caused by partial failure of the bondline
should lead to an increased rate of crack growth. The value of a diagnostic capability
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for cracking in the host is also more immediate since it potentially makes redundant the
requirement for costly ongoing manual nondestructive inspection (NDI) of the repaired
wing structure.

Compared to bond-line degradation, cracking of the wing skin is a simpler diagnostic
problem and more amenable to systematic investigation since the nature and location of
the damage is known. For these reasons the study targets only this problem. In a further
simplification of the diagnostic problem, a crack in the parent structure is simulated by
a circular notch formed with a high-speed disc cutter. The mechanical loading required
to grow a genuine crack would expose the piezoceramic elements to a risk of structural
failure and thereby complicate diagnostic assessments. Issues relating to the mechanical
durability of piezoceramic elements are treated only briefly in this report, as a separate
detailed study addressing this subject will be reported elsewhere.

2 Experimental Procedure

Two metal coupons were formed by cutting 400 mm lengths from 6060-T5 aluminium
alloy rectangular bar stock 6.2 mm thick and 32 mm wide. One coupon was patched while
the other remained unpatched to serve as a benchmark. On the latter sample, four square
PZT-5A piezoelectric elements with a side dimension of 10 mm and 250 ym thick were
adhesively bonded using a thin layer of heat-cured silver-loaded epoxy (see Figure 1). An
electrical connection was made by soldering a lead wire directly to each element.

PZT D

PZT C ;
| '/ \'h 6.2 mm

Figure 1: Schematic of unpatched aluminium coupon showing location of surface mounted
piezoelectric elements.
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2.1 Prototype Active Smart Patch

In producing the prototype patch no effort was made to replicate the precise compo-
sition and lay-up of the actual F-111 repair patch. Other than the total patch thickness,
these factors were not considered critical to an assessment of concept feasibility, and as
such the patch was produced using available material. Carbon-fibre prepreg was used
in a quasi-isotropic lay-up: [+45,0, —45,90]2s, to produce a patch approximately 2mm
thick. Accommodation for two piezoelectric elements, each square with a side dimension
of 10 mm and 250 pm thick, was made in the patch by positioning dummy elements on the
caul plate prior to lay-up. These elements were sufficiently thick to ensure that with the
piezoelectric transducers installed the adhered face of the composite patch would be near
flush.

To facilitate a durable electrical connection to the piezoelectric element, copper shims
50 pm thick were bonded to the piezoelectric element using DP460 epoxy. The ground-
plane shim was extended beyond the perimeter of the piezoelectric element to enable a
ground wire to be installed on the piezoceramic side of the shim thereby leaving a clean
profile on the adhered face of the patch. The layered assembly was clamped during cure
to ensure a good electrical connection.

The cured elements were bonded to the patch using DP460 epoxy adhesive and a layer
of scrim cloth to control the bondline thickness. A small hole drilled through the patch
allowed for egress of the lead wires. Figure 2 shows the element installed in the patch.

Figure 2: Underside of Active Smart Patch showing embedded piezoelectric element.

When bonded in place, the piezoelectric element sits about 100 um proud of the patch
surface. This makes an allowance for the thickness of film adhesive used to bond the patch
to the coupon so that when the patch is installed the bondline between the transducer
and the coupon is as thin as possible. At the completion of testing, the installed ASP was
sectioned to reveal the structure of the adhesive layer adjacent to the piezoelectric element.
Figure 3 confirms a bond-line thickness between the piezoelectric element and metal host
of under 20 um. In focusing the diagnostic role of the patch on the detection of cracking
in the parent, the production of a thin transducer bond-line was considered important in
fostering good coupling of energy into the host. Transfer of energy into the patch is, in
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<— patch

: A . <— specimen
copper shims piezoelectric element

Figure 3: Sectioned view of reinforced coupon showing bond-line structure adjacent to
embedded piezoelectric element.

this context parasitic, but is fundamental to diagnostic inspection of the adhesive bond
line and patch, a problem not considered in the present study.

Fatigue cracking in the metal coupon was simulated by introducing a circular notch
on the unpatched side of the sample using an abrasive disc cutter approximately 32 mm
in diameter and 1 mm thick.

In addition to the two elements embedded in the patch, a further two elements were
fixed to the beam outside of the reinforced section (Figure 4) to match the element place-
ment shown in Figure 1.

2.2 Structural Interrogation

An Acousto-Ultrasonic (AU) [4] arrangement is used to interrogate the coupon. The
approach relies on scattering of elastic waves transmitted between piezoelectric elements
to reveal structural damage in the wave path. An important advantage of the approach
is its good diagnostic range in structural components, like a wing skin, that are ‘thin’ in
comparison to the wavelengths of low frequency ultrasound, and therefore act as efficient
waveguides.

The piezoelectric elements are controlled through a device called the AUSAM (Acousto
Ultrasonic Structural health monitoring Array Module), developed through a collaborative
effort between the DSTO and local industry. Shown in Figure 5, the module provides for
autonomous control of two send and four receive elements, and can operate synchronously
with other modules to accommodate larger transducer numbers. Communication with the
device occurs via a USB link to a computer, which also provides electrical power to the
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Figure 4: Schematic of aluminium test coupon with an installed ASP.

device. Amplifiers on the module can drive typical piezoelectric capacitive loads (1—10nF)
at near 100V to frequencies beyond 2 MHz.

Several transmit/receive pairings were considered in the study to allow for an exami-
nation of the impact of embedment on the transduction characteristics of the piezoelectric
elements in the patched coupon. The four configurations are:

1) SASS: Surface Actuation (PZT A)

(1) Surface Sensing (PZT D)
(2) SAES: Surface Actuation (PZT A)

(3)

(4)

Embedded Sensing (PZT C)
Surface Sensing (PZT D)
Embedded Sensing (PZT C)

3) EASS: Embedded Actuation (PZT B)

&
&
&
4) EAES: Embedded Actuation (PZT B) &

In the absence of a priori knowledge of the structural wave dynamics in the sam-
ple, an arbitrary selection of source frequencies were considered in the study, specifically:
50, 125, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 kHz. The drive signal comprised
a Hanning modulated tone-burst of 5 cycles with an amplitude of between 10 — 20 V.

2.3 Baseline tests

In the context of identifying characteristics in a measured signal that indicate struc-
tural change, it is critical that an account is taken of the contribution of noise and bias in
the measurement. To this end, a sensitivity study was undertaken to establish the extent
of natural variation in the response in the sample due to ambient temperature fluctuations
and other sources of signal variation. The establishment of a stable baseline response is
indeed central to in-situ structural health monitoring (ISHM) which allows for structural
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Figure 5: AUSAM board shown with smaller signal conditioning circuit.

health assessments to be made on a comparative basis. That is, in contrast to conven-
tional NDI practice which relies on absolute measurements, ISHM permits a differential
measurement and consequently provides fundamental noise mitigation advantages.

For both samples, the AUSAM was configured to acquire periodically the receiver
response signals over a duration of several days, during which the ambient temperature
varied from approximately 19°C to 27°C. The measured acoustic response signal was
reduced using a wavelet transform [5] to a measure of the peak power in the dominant wave
packet, with boundary reflections excluded from the analysis by applying an appropriate
time gate.

The results for both samples appear in appendix A. In general, the data indicates
a stable baseline response with little variation as a function of ambient temperature,
although the 300kHz case provides an exception for some configurations. For instance,
the SASS configuration for the patched specimen yields a 50 percent variation in signal
power. The precise cause is unknown but probably relates to the close proximity of this
frequency to the first harmonic of the fundamental lateral resonance of the element.

2.4 Notch Growth Tests

A notch was initiated on the free face of the beam, approximately mid way between
the inner elements. For both patched and unpatched samples, the notch was created using
a high-speed abrasive disc, 32 mm in diameter and 1 mm thick, driven into the specimen
in small steps using a precision linear stage (see Figure 6). AU interrogations were made
after each cut. The frequency range, excitation level and transducer configurations were
unchanged from the baseline test described earlier. The process was repeated over a range
of notch depths (see Figure 7). Measurements of the ambient temperature were taken at
each step to identify any correlated variations in the acoustic response signal.
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Cutting Device

Micrometer
Gauge

AUSAM

Figure 6: Formation of notch in beam test specimen (composite patch is on underside of
beam,).

PZT D

PZT C

PZT A

L Notch
~

Figure 7: Schematic of ASP-reinforced metallic coupon showing notch located centrally
between inner piezoelectric elements.

2.5 Scanning Laser Vibrometry

To aid in the interpretation of the piezoelectric sensor measurements, laser vibrometry
(LV) was applied to the samples to image the acoustic wave field. Figure 8 shows the
scanning system with the main components labeled. The system consists of: (i) a Polytec
scanning laser vibrometer (PSV 300), (ii) a two-channel high speed (50 MHz) analogue to
digital converter card (ADC) and (iii) a two-axis high-precision linear stage, all controlled
by software developed by the DSTO.

The interrogating beam of the vibrometer was aligned perpendicular to the face of the
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specimen to detect the out-of-plane (OOP) component of the surface velocity. Both the
composite and metal faces of the patched sample were scanned, while on the unpatched
sample scanning was done on the face containing the piezoelectric elements.

LV Scan Head

Linear Stage
Controller
LV Controllers

Linear Stage

Figure 8: Laser vibrometry scanning facility.

3 Results and Discussion

3.1 Unpatched Aluminium Plate
Notch Growth Tests

Representative traces of the piezoelectric response signal in the SASS configuration for
the reference and 4.2 mm notch-depth cases are shown in Figures 9(a) and (b), respectively.
The disturbance observed at approximately 50 usecs in the figure corresponds to the drive
signal and is inductively coupled. The first genuine acoustic disturbance arrives after a
delay of about 60 usecs. Laser vibrometry was later able to confirm that the responses
shown in Figure 9 comprise a mix of guided-wave modes. Multi-modal signals are generally
avoided in standard NDI applications because of the difficulty they pose for diagnostic
evaluation. However, in the SHM context signal complexity is less of a concern as the
diagnostic evaluation is undertaken on a differential basis. Indeed, the presence of a large
number of modes in the interrogating wave packet is an advantage since some modes are
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likely to be more informative than others. Ideally, a diagnostic evaluation would focus on
the more informative constituent modes, however since the modes cannot be isolated on
the basis of a single piezoelectric response measurement, a more straightforward approach
to signal interpretation must be taken. In this study, variation in the peak signal power
in the primary wave packet was taken as a metric for structural change. The power was
computed directly from a wavelet transform (Figure 10) of the time signal. A time-gate
was applied to the data to exclude boundary reflections.

100 : : : : 100
80+ . 80
60
40r

20r

Signal Strength (arb. units)
=

Signal Strength (arb. units)
>

. . . . _ . . . .
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (microseconds) Time (microseconds)

(a) (b)

Figure 9: Signal time-history (SASS - 600 kHz) for the (a) unnotched unpatched specimen
and (b) the unpatched specimen with a 4.2 mm deep notch.

10

)

Frequency (Hz)
=

(1} 100 200 300 400 500 600 700 800
Time (microseconds)

Figure 10: Wavelet transform of signal time history (SASS - 600 kHz) for the unpatched
specimen with a 4.2 mm deep notch.

Plots of the variation in signal power as a function of notch depth for the eleven
considered drive frequencies and four transducer configurations are shown in Appendix
B. Overall, an increase in notch depth produces a decline in signal power, which accords
with a simple mechanism of acoustic shadowing caused by the notch. The decline however
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is non-monotonic, suggesting the presence of more complex wave dynamics. Figure 11
illustrates the non-monotonic decline in signal power. While wave scattering from the
notch is likely to account for a large part of the observed growth in signal at shorter
notch lengths, experimental noise may also play a role. One influence may have been
the repeated removal and reinstallation of the specimen in the notch growth test rig (see
Figure 6) which was done to facilitate the vibrometry (see Figure 8). Since piezoelectric
elements rely on an applied potential to generate acoustic waves in the parent structure,
disturbance of the electrical connections could influence the load impedance and impact
on the measurements.

1.8

—+—SASS
- ® -SAES
=v="EASS
EAES

—
=2
T
I

p—
N

=
S

Normalised Signal Power

3 4 5 6 7 8
Notch depth (mm)

Figure 11: Signal power measurements for the unpatched specimen at a 600 kHz drive
frequency.

Laser Vibrometry Scans

The samples were examined using laser scanning vibrometry for acoustic drive frequen-
cies of 300 kHz and 600 kHz. Scans were taken at various stages of notch growth in a region
between the inner piezoelectric elements, PZT’s B and C (see Figure 1). A rectangular
area was scanned, approximately 32 mm x 150 mm in size and was sampled at an interval
of 1mm. The response recorded at each sampled point was synchronously averaged to
reduce noise. A further improvement in signal to noise ratio was realised by applying a
thin retro-reflective film to the surface to enhance reflectivity. The retro-reflective material
was found to have no measurable impact on the wave dynamics. The results are presented
in Figures 12 and 13 for LV scans at 300 kHz and 600 kHz, respectively.

Figures 12 and 13 show the effect of the notch on wave propagation at the aforemen-
tioned frequencies for notch depths of 1.30, 2.36, 3.14, 5.86 and 6.75 mm, respectively,
with the latter depth corresponding to complete penetration of the sample. The notch is
identified in the LV scans by a framed box representing the size of the notch on the back
surface. The scans depict the wave-field at approximately the same time. While a change
in the wave-field is noticeable at each notch depth, the 3.14 mm case seems to represent a
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transition where the wave front downstream of the notch loses its planar structure. This
coincides with a decline in signal recorded in the AU measurements shown in Figure 11.

1.30 mm

2.36 mm

3.14 mm

5.86 mm

6.75 mm

Figure 12: Effect of notch depth on the acoustic wave field at 300 kHz in the unpatched
specimen.

1.30 mm

2.36 mm

3.14 mm

5.86 mm

6.75 mm

Figure 13: As in figure 12 but for a 600 kHz drive frequency.

The spatially resolved nature of the vibrometry data enables the constituent modes
in the wave-field to be deduced from a Fourier transform [6]. Transforms were applied

11
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separately to data from the actuator and receiver sides of the notch to isolate mode
conversion processes. The analysis was done for piezoelectric drive frequencies of 300 kHz
and 600kHz, and the results combined. Figure 14 shows the outcome for the case of a
1.3 mm deep notch. The results were normalised with respect to the peak magnitude of the
spectral decomposition in the upstream region for the respective excitation frequency. The
processed experimental data is compared to theoretical dispersion curves for both Lamb
waves and horizontally polarised shear waves in the layer defined by the width dimension
of the plate [7]. A comparison of the modal content on either side of the notch reveals a
general decline in energy across all modes, but in particular the second symmetric and first
antisymmetric modes, which are largely extinguished. No additional modes are formed.
Appendix C includes similar comparisons for larger notch depths.

That structural damage has a selective impact on certain modes is not unexpected as
the displacement fields for some modes will invariably promote greater interaction with
a particular flaw geometry. This is desirable from the viewpoint of developing a robust
inspection methodology, as it offers a basis for designing an excitation regime that targets
only the most informative modes.

2000
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s
S

Y
S
S
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=3
S

200

0.8 1 0 0.2 0.8 1

0.4 0.6 0.4 0.6
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Figure 14: Comparison of theoretical and measured dispersion characteristics for the
unnotched aluminium plate, upstream (left) and downstream (right) of the notch.
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3.2 Patched Aluminium Plate
Notch Growth Tests

The test procedure for the patched coupon was largely a repeat of that for the un-
patched variant with one exception. To provide a more stable test environment laser
vibrometry was undertaken only after the notch had been grown to its final depth. Repre-
sentative evolutions of the piezoelectric voltage in the SASS configuration for the reference
and 5.1 mm notch-depth cases are shown in Figures 15(a) and (b), respectively. As men-
tioned previously, the first disturbance relates to the excitation event and is inductively
coupled into the receive channel of the AUSAM device. The first acoustic disturbance
arrives roughly 60 us afterwards, followed by a series of larger wave packets. Both the
strength and form of the response signal is profoundly affected by the notch, as evidenced
by the trace in Figure 15(b).

1001 1 1001

50

7]
S
T

Signal Strength (arb. units)
>
Signal Strength (arb. units)

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (microseconds) Time (microseconds)

(a) (b)

Figure 15: Signal trace recorded for the following cases: (a) no notch, and (b) a 5.1 mm
deep notch (SASS - 600 kHz).

A complete listing of results for the four transducer configurations is given in Appendix
B. Figure 16 condenses these results for the 600 kHz case. All of the transducer configu-
rations reveal substantial variations in signal power compared to background fluctuations
(see appendix A) and therefore provide a useful level of sensitivity to notch growth. The
EAES case reflects the intended practical implementation of an active smart patch and ac-
cordingly represents the most important configuration. It also produces the most complex
signal evolution. The first 4 mm of notch growth leads to an increase in signal transfer, and
the next 2.5 mm to a decrease. In this situation, if the signal evolution is not tracked at
a sufficient frequency the signal power will clearly not furnish a unique estimate for notch
length. The capacity to accommodate such complexity represents one of the advantages
of a continuous monitoring regime.

The key aspect of the comparison is that neither the presence of the patch nor the
embedment of the transducers has impaired detection of notch growth in the sample. It is
interesting to note that a notch depth of only 1.6 mm produces a change in signal power
of 20%. While changes of at least this order were observed in relation to the unpatched
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coupon, the greater stability in the case of the patched sample makes it a more convincing
result. As detailed earlier LV scans were made only after growing the notch to its final
depth, and the absence of repeated experimental disruption may have contributed to the
cleaner response.

1.8

Lol —+—sAss | |

. - = -SAES
‘~v- EASS

14F EAES| |

Normalised Signal Power

3 4 5
Notch depth (mm)

Figure 16: Variation in signal power as a function of notch depth for the patched coupon
at a 600 kHz excitation frequency.
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Laser Vibrometry Scans

Raster scans were formed for the patched sample for narrow-band excitations applied
to PZT B at centre frequencies of 300 kHz and 600 kHz. Both the patched and unpatched
faces were inspected. Figures 17 and 18 relate to the unpatched surface and 19 and 20 to
the patched.

Figure 17: LV scan of the unpatched surface of the notched ASP coupon for a 800 kHz
excitation frequency. Taken a short instant after excitation of PZT B (top), prior to
incidence with notch (middle), and after incidence with notch (bottom).
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Figure 18: As in Figure 17 but for a 600 kHz drive frequency.

Figure 19: As in Figure 17 but for the patched surface.
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Figure 20: As in Figure 19 but for a 600 kHz drive frequency.
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The scans reveal strong reverberation between the lateral boundaries of the sample
that generally obscures the effect of the notch on the wave-field, although some evidence
of interaction appears in Figure 18 as scattering from the edges of the notch. The influence
of the notch is more readily observed in a spectral decomposition of the data, which isolates
the modal composition of the wave-field on either side of the notch. Before considering
this analysis, it is worthwhile briefly remarking on the higher noise levels observed on
the patched side of the sample (Figures 19 and 20). The most likely cause is that the
rough surface texture of the laminate prevents uniform adhesion of the retro-reflective
film, leaving regions of the film unsupported and thereby free to vibrate independently of
the substrate.

The layered structure of the reinforced coupon involves several waveguides which need
to be considered. Three structures were considered in the analysis: (1) the aluminium sub-
strate, (2) the composite patch, and (3) the aluminium substrate and composite patch.
The computed dispersion curves are compared to the decomposed LV data for the un-
patched side in Figure 21. Unfortunately, the discrepancy between predicted and measured
characteristics is large and precludes a precise and complete identification of all observed
modes. The discrepancy is thought to be caused by inaccuracies in the mechanical prop-
erties assumed for the composite patch. Where good modal separation occurs, the origin
of an observed characteristic can be traced, like for example the mode at 600 kHz and
a wavenumber of 450 rad m~!, which appears to correspond to Modey, a coupled mode.
Strong evidence is found in the measured response of a large So component in the metal
coupon, uncoupled from the composite patch. However, the mode appears to have been
influenced by the patch system since its wavenumber is lower than was observed for the
equivalent unpatched coupon (Figure 14). The presence of an uncoupled mode is a useful
result as it provides a basis for targeted inspection of the metal substrate. To this end,
the So mode appears to be highly sensitive to damage in the substrate, evidenced by its
absence in the response downstream of the notch. Although all of the observed modes
have been affected by the notch, the effect on Ss is especially profound given its original
strength. This accords with observations in relation to the unpatched coupon (Figure 14),
where the So mode was amongst the most informative with regard to notch growth.

Figure 22 shows the equivalent comparison for data gathered from the patched face of
the sample. Fewer modes are extinguished compared to the unpatched side, which is to
be expected since the notch was confined to the metal substrate.
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Figure 21: Spectral decomposition of vibrometry data pertaining to the unpatched face of
the coupon, upstream (top) and downstream (bottom) of a through-thickness notch in the
metal coupon. Solid lines correspond to modes in the metal coupon, dot-dashed lines to
modes in the patch, and dashed lines to modes in the combined structure.
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Figure 22: As in Figure 22 but for data obtained from
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4 Discussion

Acousto-ultrasonic measurements furnished by piezotransducer elements embedded in
the bondline have been shown to provide an effective basis for the diagnostic evaluation
of a metal coupon reinforced with a composite patch. The patch was shown to have a
noticeable effect on the acoustic wave-field in the metal substrate, but critically this did
not impair the detection of structural damage in the substrate. Indeed, a comparison of
the results obtained for an identical transducer configuration on patched and unpatched
samples showed that the patch fostered earlier detection of notch growth. It is surmised
that the patch modifies the wavefield in a manner that accentuates interaction with the
notch.

The piezoelectric transducer embedment strategy was shown to be successful. Steps
were taken to ensure a thin bond line between the piezoelectric transducer and the metal
substrate. A thin bond-line is thought to foster good acoustic coupling to the metallic
structure, however the impact of bond-line thickness on coupling and on notch growth
sensitivity was not assessed in this study. It was confirmed through laser vibrometry
that substantial insonification of the patch also occurred, which is encouraging from the
viewpoint of developing a diagnostic capability for the patch itself. It is to be recalled that
while the objective in this work is to develop a basis for assessing defect growth in the
metal substrate alone, the ultimate aim is to evolve a capability for assessing the integrity
of the patch as well as the adhesive bond-line. Selective modal excitation is likely to be
an important factor in achieving a targeted diagnostic capability for each of the structural
elements of the repair.

While the embedment strategy was successful in fostering good defect sensitivity it is
yet to be demonstrated whether embedded elements have the requisite mechanical durabil-
ity to survive realistic spectrum loading. A number of issues relating to system resilience
need to be addressed. For a start, the impact of an embedded stiff element on the integrity
of the patch needs to be understood. Conceivably, element placement will be a critical
factor, with locations within the damage tolerant zone of the patch likely to be preferred.
This may require the use of a pulse-echo mode of interrogation rather than the pitch-catch
approach explored in the current study.

Wiring is another key factor. Although the aim ultimately is to develop wireless
strategies, the underpinning technologies are not yet mature. To this end, work has
commenced on inductive and capacitive coupling strategies that could potentially eliminate
the need for egress of wiring from the patch. Until the outcomes of this work are known, the
development of a wired approach will continue. Routing lead wires through the composite
patch rather than along the bond-line is thought advantageous in reducing the length
of wiring in the installation, and more critically in eliminating an inclusion in the least
damage-tolerant part of the repair. However, a potential disadvantage of a through-patch
egress approach is that the necessary perforation could create a stress concentration and
serve as a potential conduit for moisture ingress. Further work needs to be done to clarify
the merits and disadvantages of the available wiring strategies.

Arguably, the most vulnerable aspect of wiring in an embedded sensor installation is
the connection to the sensor itself, and consequently the development of a durable electri-
cal interconnect is a key objective. A conventional soldered connection to the piezoceramic

21



DSTO-TR-2247

22

electrode may be acceptable for laboratory work where the sample is not exposed to sus-
tained cyclic mechanical loading, but is inadequate for any long-term in-service structural
application. To address mechanical and environmental durability concerns, it is custom-
ary now to encase or package piezoelectric elements in a polymer dielectric film containing
integrated conductive tracks. The commercial SMARTlayer® [8] concept follows this ap-
proach. The footprint of a single element is however quite large and poses some concern in
relation to its possible impact on the structural integrity of the host. A less obtrusive pack-
aging approach was developed recently through a collaborative effort between the DSTO
and MiniFAB. The footprint of the device is only marginally larger than the piezoceramic
disk element itself (see Figure 23), which serves to reduce its structural impact on the
host. Trials are currently underway to assess the mechanical durability of these elements
under representative aircraft spectrum loading. The preliminary results of this work are
encouraging and a full account of the completed trial will be reported elsewhere.

Figure 23: Packaged 6.35 mm diameter piezoceramic disc.

5 Conclusion

This report has outlined the development of an “Active Smart Patch” which is a novel
form of structural reinforcement that seeks to provide a diagnostic function by means
of an integrated network of piezoelectric transducer elements. Experimental work has
shown that a network embedded in the bondline of a composite-reinforced metal sample
provides for the robust detection of damage in the metal substrate. While the laboratory
demonstration was conceived to address the problem of cracking at FASS 281.28 in the
F-111 wing, the technology is being developed with a much broader outlook and could
potentially be applied wherever elastic waves permit an assessment of structural integrity.
The F-111 problem however serves as an excellent platform for the demonstration of such
technology as it embodies a number of the key challenges facing the development of an
effective integrated diagnostic facility for in-flight application.
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Appendix A Baseline Test Results

A.1 Unpatched Plate
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Figure A1: Variation in signal power over time for unpatched aluminium plate; Mea-
surements for each frequency normalised to initial signal power and shifted by unity.
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Figure A2:

As in Figure A1 but for patched aluminium plate.
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Appendix B Notch Growth Tests Results
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B.2 Patched Plate
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Figure B5: As in Figure Bl but for the patched test specimen.
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Appendix C Spectral Decomposition -
Unpatched Plate
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